PDB Reference: H107R mNKR-P1A, 3t3a.
Introduction
Natural killer (NK) cells play an important role in the innate immune response against viruses, parasites, intracellular bacteria and tumour cells (Makrigiannis et al., 2001; Bezouška et al., 1994) . NK cells eliminate their targets using two distinct mechanisms: cytokine secretion and cell-mediated cytotoxicity (Mesci et al., 2006) . The activity towards the target cells is regulated by a large number of receptors on the cell surface (Vivier et al., 2008) .
The activating and inhibitory receptors of NK cells fall into two distinct structural classes: those belonging to the immunoglobulin superfamily and those of the C-type lectin-like (CTL) type. The receptors of the NKR-P1 family belong to the CTL type (Kolenko et al., 2011) . When an NK cell encounters a target cell, the NKR-P1 receptors are expected to engage in interactions with their protein partners expressed on the surface of the target. Although the protein ligands have been identified as cell-surface CTL proteins, the details of the interactions as well as the exact route of NKR-P1 signalling are not yet fully understood. Recent studies have supported the participation of NKR-P1 receptors in protein-protein interactions with C-type lectin-related (Clr) molecules, e.g. LLT1 is a ligand of human NKR-P1 (Aldemir et al., 2005; Rosen et al., 2005) and Clrb/Ocil binds mouse NKR-P1B and NKR-D (Iizuka et al., 2003; Carlyle et al., 2004; Kveberg et al., 2009) . The function of the remaining receptors is predicted from the amino-acid composition of the intracellular part, i.e. whether it contains the immunoreceptor tyrosin-based inhibitory motif (ITIM) or activation motif (ITAM) (Mesci et al., 2006) .
The recently determined crystal structure of the extracellular domain of the mouse NKR-P1A receptor (mNKR-P1A) was the first structure of a representative of the NKR-P1 family. mNKR-P1A is formed by a compact CTL core and an extended loop that participates in domain swapping. A potential role of the swapped loop in natural ligand binding has been suggested by in silico studies (Sovová et al., 2011) . Even if a protein ligand (or ligands) for mNKR-P1A were suggested, firm proof of the interactions on the molecular level and of complex formation and consequent signalling-cascade events is still lacking.
In a series of cloning and protein-expression experiments, a mutant H107R was unintentionally generated which could be purified to sufficient purity and homogeneity and crystallized. In the process of structure solution the mutation of residue 107 was observed and was confirmed by sequencing. The mutation causes interesting behaviour of the receptor dimers, affects the symmetry of the dimer interface and gives rise to twinning.
Methods

Protein preparation and crystallization
The plasmid for the expression of mNKR-P1A was constructed as described previously (Kolenko et al., 2011) . DNA-sequence analysis of the constructed plasmid revealed a novel point mutation in the gene for NKR-P1A leading to the substitution of His107 by Arg. Recombinant H107R variant was expressed and purified as described previously. Briefly, the plasmid was transformed into Escherichia coli BL21 (DE3) Gold (Stratagene). The protein was produced as inclusion bodies and refolded in vitro. The refolded protein was purified using ion-exchange chromatography on Q Sepharose FF (1.0 Â 6.0 cm) and Superdex 75 HR 10/300 GL columns (GE Healthcare). The monodispersity of the monomeric protein solution was further assessed by dynamic light-scattering and SDS-PAGE analysis.
Prior to crystallization, the protein was concentrated to 10 mg ml À1 in a buffer solution consisting of 50 mM NaCl, 1 mM NaN 3 , 10 mM HEPES pH 7.5. The search for a novel crystallization condition was also performed using the PolyA and PolyB screens (Ská lová et al., 2010) . However, the only well diffracting crystals grew from 0.3 M ammonium phosphate, which was the original crystallization condition for wild-type mNKR-P1A. Tetragonal bipyramids appeared after 4 d at a temperature of 291 K. Prior to diffraction experiments, the crystals were flash-cooled in liquid nitrogen with 20% ethylene glycol as a cryoprotectant.
Data collection and structure determination
Four diffraction data sets were collected from different crystals on a Gemini Enhanced Ultra diffractometer at copper wavelength using an Atlas CCD detector (Agilent Technologies) at the Institute of Physics AS CR, v.v.i., Prague. The data set with the highest resolution was collected on beamline 14.1 of BESSY II at the Helmholtz-Zentrum Berlin. The synchrotron data set was collected at 100 K; all other data sets were collected at 120 K. Integration of the diffraction images was performed using the XDS program package (Kabsch, 2010) and scaling was performed using SCALA from the CCP4 program package . The crystals belonged to space group I4 1 . Analysis of the diffraction data revealed variable merohedral twinning of all crystals ( twin ' 0.09-0.26, twin law k, h, Àl). The data-processing statistics are given in Table 1 .
The structure was solved by molecular replacement with the program MOLREP (Vagin & Teplyakov, 2010) using the structure of wild-type mNKR-P1A as a search model (PDB entry 3m9z; Kolenko et al., 2011) . Structure refinement against experimental intensities with automated twin detection was carried out with REFMAC5 (Murshudov et al., 2011) using a built-in twin-refinement protocol. Manual corrections of the model were performed with the program Coot (Emsley & Cowtan, 2004) .
Structure validation was carried out with MolProbity (Chen et al., 2010) . All residues of the model were found in the allowed regions of the Ramachandran plot. The statistics of structure refinement are given in Table 2 . The coordinates and structure factors have been deposited in the PDB (Berman et al., 2000) with access code 3t3a.
Results and discussion
Overall structure
We produced and crystallized the H107R variant of the extracellular domain of the mouse NK-cell activation receptor NKR-P1A. The crystals belonged to space group I4 1 with merohedral twinning. In a search for a sample that would provide untwinned data, five data sets were collected. However, twinning with a variable twin factor was repeatedly observed. The structure was determined by molecular replacement using the extracellular domain of wild-type mNKR-P1A as a search model. The structure contained two protein chains consisting of residues Glu93-Leu214 with three phosphate ions attached at the interface of the molecules (see Fig. 1 ). The quality of the observed electron density did not allow the localization of all of the atoms of residues Tyr149, Pro161 and Asp162 in chain B. Two phosphate ions are bound close to the interface between the monomers in the asymmetric unit (similar to the structure of the wild type) and a third phosphate ion with partial occupancy was localized between Arg107 residues belonging to opposite chains. The latter participates in interactions with different side chains from the two monomers (see Fig. 1b ) and represents some asymmetry in this region.
The two protein chains are highly similar in structure (r.m.s.d. of 1.7 Å for C atoms, secondary-structure matching superposition algorithm) and each is formed by a compact core region similar to most C-type lectins (two main -helices and two antiparallel -sheets stabilized by three disulfide bridges) and a loop consisting of 30 residues (Tyr158-Asp187) which exhibits domain swapping with a symmetry-related molecule.
Interactions within the crystal lattice
Surprisingly, a more extensive interaction was found between two symmetry-related molecules within the crystal lattice than between the monomers in the asymmetric unit. This interaction corresponds to the domain-swapping effect of the extended loops Tyr158-Asp187, with a total interface area of about 1700 Å 2 involving hydrogen bonds and hydrophobic interactions. The potential participation of the loop in interactions with Clr molecules has been suggested, but has not yet been structurally confirmed (Kolenko et al., 2011) . The mutated residue Arg107 is not localized in this region, so the mutation at this residue could not affect the formation of the domain-swapped dimers observed in the wild-type structure.
The monomers in the asymmetric unit are related by a noncrystallographic twofold axis and form a noncovalent dimer with an interface area of 730 Å (Krissinel & Henrick, 2007) . The difference in the size of the asymmetric unit of the wild-type structure and the mutant structure is exactly reflected by the presence of the additional twofold symmetry (monomer and dimer in the asymmetric unit; space groups I4 1 22 and I4 1 , respectively). The twinning observed in the case of the H107R variant also corresponds to the 'missing' twofold symmetry with respect to the wild-type crystals. The arrangement of the molecules in the asymmetric unit of the H107R variant has previously been confirmed to be a potential biological unit by crosslinking experiments (Kolenko et al., 2011) . The mutated residue Arg107 is located at this interface and together with the partially occupied phosphate ion contributes to stabilization of the interface (see Fig. 1b ). The His107 residues in the wild-type structure are too distant from each other to participate in any interaction.
H107R mutant versus wild type
The overall structure of the monomers does not differ significantly from the wild-type structure (Fig. 2) . The r.m.s.d. between C atoms of the wild type and chains A and B of the mutant are 0.6 and 1.8 Å , respectively. The more similar chain A of the mutant contains only one region, consisting of seven residues (174-180), in which the differences between C atoms exceed 1 Å . The most significant structural differences in the mutated chain B are observed in the region 148-150 (in which the differences exceed 3 Å ) and in a large C-terminal region containing residues 163-205, in which the differences between equivalent C atoms exceed 2 Å for the majority of superimposed pairs. However, these parts of the protein are not involved in the formation of the interface containing residue 107. Nevertheless, the mutation and binding of phosphate ion at the interface probably plays a role in the twinning of the crystals of the H107R mutant. Overall structure of the H107R variant of mouse NKR-P1A and a detailed view of the interface between monomers. (a) Chain A is represented by coloured secondarystructure elements, chain B is shown in grey, phosphate ions are shown in ball-and-stick representation and side chains of Arg107 are represented by sticks. (b) A detailed view of the interface between the monomers and the binding of the additional phosphate ion. The 2F o À F c map around the phosphate and Arg107 is contoured at the 1 level (blue).
We analyzed the interface containing residues 107 using the PISA server (Krissinel & Henrick, 2007) . In the cystal structure of the wildtype receptor, a buried surface area of about 650 Å 2 containing 11 hydrogen bonds was observed. The interface of the H107R mutant variant contains 13 hydrogen bonds, with a buried surface of about 730 Å 2 . Contrary to our expectations, this analysis suggests that the H107R mutation caused a strengthening of the interface of interest.
Although many trials to improve the quality of the crystals were performed, the highest resolution achieved for the H107R variant (2.3 Å ) is not sufficient for interpretation of the fine structural differences that lead to merohedral twinning in this case. Our interpretation of the observed phenomenon is as follows. The asymmetric binding of the phosphate ions causes a loss of the perfect symmetry in dimers of mNKR-P1A, which are then organized in two possible orientations in the crystal owing to a very high structure similarity between the monomers. The ratio between the orientations is random (varying twin factor in different crystals). The structure of the mutant in the absence of phosphate would be of particular interest. Unfortunately, despite an extensive search such conditions were not found. The present structure shows how small structural differences may lead to defects in crystal growth that affect structure analysis.
The occurrence of nonsymmetrical dimers in the asymmetric unit of the crystal unfortunately does not imply their presence in solution or their natural role in the NK cells, although to some extent it increases support for the natural occurrence of such dimers when previously confirmed by alternative methods (Kolenko et al., 2011) .
